O addition on the crystallization behaviors of lime-silica-based mold fluxes have been investigated by non-isothermal differential scanning calorimetry (DSC), field emission scanning electron microscopy, X-ray diffraction (XRD), and single hot thermocouple technique. It was found that the crystallization temperature of cuspidine increased with increasing the basicity of mold fluxes. The crystallization of wollastonite was suppressed with increasing the mold flux basicity due to the enhancement of cuspidine crystallization. The addition of B 2 O 3 suppresses the crystallization of mold flux. The crystallization temperature of mold flux decreases with Li 2 O addition. The size of cuspidine increases, while the number of cuspidine decreases with increasing mold flux basicity. The morphology of cuspidine in mold fluxes with lower basicity is largely dendritic. The dendritic cuspidine in mold fluxes is composed of many fine cuspidine crystals. On the contrary, in mold fluxes with higher basicity, the cuspidine crystals are larger in size with mainly faceted morphology. The crystalline phase evolution was also calculated using a thermodynamic database, and compared with the experimental results determined by DSC and XRD. The results of thermodynamic calculation of crystalline phase formation are in accordance with the results determined by DSC and XRD.
I. INTRODUCTION
MOLD flux plays an important role in controlling the horizontal heat transfer and providing lubrication in continuous casting of steel which is the most important functions of mold flux. [1] The cast slab quality is closely related to the control of horizontal heat transfer between solidifying steel shell and mold. In continuous casting process, the horizontal heat transfer is controlled by both the thickness and the nature of the solid slag layer forming between solidifying steel shell and copper mold. [1] It is generally accepted that the heat transfer in continuous casting process is dependent on the crystallization behaviors of mold flux, [2] [3] [4] [5] [6] [7] such as crystallization temperature and the types of crystalline phase. Therefore, it is required that the mold flux possesses proper crystallization properties to meet the requirement for heat transfer control in continuous casting.
Many studies have been carried out to reveal the crystallization behaviors of lime-silica-based mold fluxes using various techniques, such as single or double hot thermocouple technique (SHTT/DHTT), [8] [9] [10] [11] [12] [13] [14] differential thermal analysis (DTA), [15] [16] [17] and confocal scanning laser microscopy (CSLM). [18] [19] [20] [21] [22] Liu et al. [9] studied the effect of Li 2 O on the crystallization of mold fluxes, and reported that the crystallization rate was promoted obviously in mold fluxes containing high Li 2 O content. Zhou et al. [10] observed that the increase of basicity tended to enhance the mold flux crystallization, and the isothermal crystallization activation energy decreased with increasing mold flux basicity. Lu et al. [12] reported that the increase of basicity would apparently promote the crystallization of lime-silica-based mold fluxes, while B 2 O 3 had an opposite function. Hao et al. [15] reported that the growth and crystallization temperature of the cuspidine in lime-silica-based mold fluxes were suppressed by the absorption of titania. Wang et al. [17] studied the effect of TiO 2 on the crystallization behavior of the slag, and found that TiO 2 substitution for SiO 2 in mold fluxes retarded the crystallization process. Ryu et al. [20] studied in situ crystallization of mold fluxes using a CSLM, and found that the crystallization temperature and crystallization tendency increased, whereas the incubation time decreased with increasing the basicity and alumina content of the mold fluxes. However, these previous studies are limited in thoroughly revealing the crystalline phase formation and crystal morphology characteristics in lime-silica-based mold fluxes with varying basicity.
In the present study, the thermal characteristics of crystalline phase formation in the lime-silica-based mold fluxes with varied basicity, Li 2 O, and B 2 O 3 addition were investigated by differential scanning calorimetry (DSC). The continuous cooling transformation (CCT) diagrams of mold fluxes were constructed. The crystalline phases in the mold fluxes were identified by X-ray diffraction (XRD). Moreover, the size, morphology, and composition of crystals in mold fluxes were determined by field emission scanning electron microscope (FE-SEM) equipped with energy dispersive X-ray spectroscopy (EDS). The in situ observation of crystal formation was performed by SHTT. The crystalline phase formation in mold fluxes was calculated by Factsage. Meanwhile, the calculated results by Factsage were compared with the experimental results.
II. EXPERIMENTAL

A. Sample Preparation
Reagent grades CaCO 3 , SiO 2 , CaF 2 , Al 2 O 3 , MgO, NaCO 3 , Li 2 O 3 , and B 2 O 3 were used as raw materials. The reagent powders were mixed well and melted in a platinum crucible with an induction furnace at 1573 K (1300°C) for 30 minutes to homogenize chemical composition, and then quenched into a cool steel plate to get fully glassy phase. The pre-melted samples were ground and analyzed by X-ray fluoroscopy. The chemical compositions of pre-melted mold fluxes are shown in Table I .
B. DSC Measurement and FE-SEM/EDS Analysis
The mold flux samples were crushed to prepare sample powder for DSC measurement. The crystallization behaviors of mold fluxes were investigated by DSC (Netzsch STA 449C; Netzsch Instrument Inc., Germany). The DSC measurement was performed at different cooling rates (5, 10, 15, 20 , and 25 K/min) in Ar atmosphere at a flow rate of 60 mL/min. About 50 mg of sample powder was heated at a constant heating rate of 20 K/min from room temperature to 1573 K (1300°C) in a platinum crucible with a diameter of 5 mm and a height of 5 mm, and then held for 3 minutes to homogenize its chemical composition. Subsequently, the liquid sample was cooled at a constant cooling rate to room temperature. The temperature history in DSC measurement is shown in Figure 1 . The DSC signal was recorded automatically during both heating and cooling cycles.
The platinum crucible containing the mold flux after DSC experiments was cut along its longitudinal section at the center of the crucible. The mold flux samples were mounted and polished, thereafter a platinum film was sprayed onto the cross section of the polished sample to enhance the sample electric conductivity. The microstructure and crystal compositions of mold flux samples after DSC measurement were determined by FE-SEM/EDS (JSM-7401F, JEOL, Japan).
C. SHTT Experiment
The in situ observation of crystallization of mold flux was performed by SHTT. The detailed description of the working principle of SHTT has been given elsewhere. [8] A mold flux sample of about 7 mg was placed on a B-type thermocouple and heated to 1623 K (1350°C) at a certain heating rate, and then held for 30 seconds to eliminate bubbles and homogenize chemical composition. Thereafter, the mold flux sample was continuously cooled at a rate of 50 K/min to room temperature. The relationship between the temperature, time and crystal growth was recorded automatically.
D. Non-isothermal Heat Treatment and XRD Identification
Because the mold flux samples after DSC experiments are too small to determine crystalline phase by XRD. Hence, a series of continuous cooling experiments were carried out in order to determine the precipitated crystalline phases of mold fluxes corresponding to each exothermic peak of DSC curves. The experimental apparatus is presented schematically in Figure 2 .
Before melting the mold flux sample, the temperature in the hot zone of the induction furnace was elevated to 1623 K (1350°C). The graphite crucible (70 mm in height, 15 mm in inner diameter, 20 mm in outer diameter) containing 10 g of mold flux in each experiment was sent into the even temperature zone of reaction chamber. The mold flux sample was maintained in the even temperature zone for 10 minutes to ensure complete melt and homogenization. This is followed by a continuous cooling at a cooling rate of 5 K/min to the preset temperature, which is determined based on the information regarding the crystallization temperature range of each phase in each mold flux sample determined by DSC as listed in Table II , by lowering continuously the graphite crucible containing liquid mold flux from the hot zone of the induction furnace. After reaching the desired temperature, the mold flux placed in the graphite crucible was lowered rapidly into the quenching zone. Thereafter, the graphite crucible containing liquid mold flux was quenched using He gas. The detailed description of experimental procedure has been given elsewhere. [23] The quenched samples were ground and analyzed by XRD analysis which was carried out using a Bruker (Karlsruhe, Germany) AXS D8 Advance X-ray diffractometer with a graphite monochrometer using Cu-Ka radiation with a scanning rate of 2 deg/min.
III. RESULTS AND DISCUSSION
A. Non-isothermal DSC Measurement and XRD Identification DSC measurement makes it possible to determine the important crystallization characteristics such as the onset or peak temperatures of the crystallization, and the enthalpy of the crystallization. The crystallization behaviors of the studied mold fluxes were determined by non-isothermal DSC. Figure 3 shows the DSC curves of mold fluxes at five different cooling rates of 5, 10, 15, 20, and 25 K/min. As shown in Figure 3 , the exothermic peak on DSC curve indicates the crystalline phase formation. In Figure 3 (a), there are two exothermic peaks on DSC curves of mold flux A at the cooling rate of 5 to 20 K/min, whereas only single exothermic peak can be found for the cooling rate of 25 K/min. For mold flux B shown in Figure 3 (b), it can be observed that only one exothermic peak on DSC curve was detected at the cooling rate of 15, 20, and 25 K/min, whereas there are two exothermic peaks on DSC curves for the cooling rate of 5 and 10 K/min. These results suggest that the critical cooling rate of the second crystalline phase formation in mold flux B is between 10 and 15 K/min, which indicates that it is difficult to form the second crystalline phase during the operation of the industrial casting using mold flux B. Figures 3(c) and (d) represent the DSC curves of mold fluxes C and D at various cooling rates. Unlike the crystal formation in mold fluxes A and B, there is only one exothermic peak on each DSC curve of mold flux C, whereas there are two exothermic peaks on DSC curves of the mold flux D at various cooling rates. These results indicate that the increase of basicity has strong effect on crystallization behavior. As shown in Figure 3(d) , the intensity for second exothermic peak is very weak and broad, which suggests that the crystallization of the second phase is slow.
Figures 3(e) and (f) show the effect of additives on the crystallization of mold flux with a constant basicity. Comparing with the mold flux B shown in Figure 3(b) , there was only one exothermic peak on DSC curve of mold flux B-1, which suggested that the addition of Li 2 O restrained the formation of the second exothermic peak. These results indicate that lowering viscosity with addition of Li 2 O promotes diffusion of components of first crystal phase from molten mold fluxes. This is the reason why the formation of the second phase is inhibited. It was observed from Figure 3 (f) that there was no exothermic peak on DSC curves, indicating that the addition of B 2 O 3 suppressed the mold flux crystallization. This result is consistent with the finding reported by Lu et al. [12] for lime-silica-based mold fluxes, Fox et al. [24] and Shu et al. [25] for fluoride-free mold fluxes as well as that reported in the authors' previous study for lime-alumina-based mold fluxes. [23] It is concluded from DSC results that the critical cooling rate for crystalline phase formation in mold flux B-2 is smaller than 5 K/min. It has been known that B 2 O 3 acts as a network former in mold flux. [24, 26] The complexity of network structure contributes to improve the glass formation ability, which indicates the addition of B 2 O 3 weakens the mold flux crystallization. In order to identify the crystalline phase corresponding to the exothermic peak on DSC curves, mold flux was melted at 1673 K (1400°C), and then continuously cooled at the cooling rate of 5 K/min to the desired target temperatures as listed in Table II , and thereafter quenched by He gas. The quenched mold flux sample was ground and analyzed by XRD to identify the crystalline phase. Figure 4 shows the XRD patterns of the mold fluxes quenched at the target temperatures. The XRD results are summarized in Table III . The DSC result for mold flux A shows two exothermic peaks as shown in Figure 3(a) . The XRD analysis reveals that the first crystalline phase corresponds to wollastonite (CaOAESiO 2 , JCPDS#087694) formation. It could be confirmed that the second exothermic peak P1 on DSC curves of mold flux A represents cuspidine (3CaOAE2SiO 2 AECaF 2 , JCPDS#064710) formation. Unlike mold flux A, it was confirmed by XRD analysis that the first and second exothermic peaks represent the formation of cuspidine (3CaOAE2SiO 2 AECaF 2 ) and wollastonite (CaOAESiO 2 ) formation in mold flux B as shown in Figure 4 (b). Figures 4(c) through (e) show the XRD patterns of mold fluxes C, D, and B-1, respectively. The XRD analysis confirmed that the exothermic peak P1 on DSC curves shown in Figures 3(c) through (e) corresponded to cuspidine formation. These results indicate that cuspidine crystals precipitate first during continuous cooling, except for mold flux A. It is also noted that there is a competition between cuspidine and wollastonite formation in mold fluxes with lower basicity as shown in Figures 3(a) and (b) . It was observed from Figure 3 (c) that there was only a single exothermic peak for mold fluxes with higher basicity (mold flux C). The exothermic peak was confirmed to be the formation of cuspidine by XRD. For the higher mold flux basicity of 1.34, two crystallization events occur as shown in Figure 3(d) . However, the second crystalline phase in mold flux D cannot be identified by XRD analysis because the intensity of the second crystalline phase formation is very weak in mold flux D.
B. CCT Diagrams of Crystalline Phase and Thermodynamic Consideration on Crystal Phase Formation
The crystallization temperature corresponding to the temperature at which the crystallization occurred was determined by DSC at different cooling rates. The crystallization temperatures combined with time-temperature profiles recorded in DSC were used to construct CCT diagrams of mold flux for various cooling rates from 5 to 25 K/min. As shown in Figure 5 , the crystallization temperature of crystalline phase shifts to lower temperature with increasing the DSC cooling rate. The crystallization is dependent on both the nucleation rate and crystal growth rate which is a function of thermodynamics and kinetics as shown in Figure 6 . At higher cooling rate, more available time is needed for initiating nucleation and subsequent crystal growth. Therefore, the crystallization temperature correspondingly decreases at higher cooling rate.
It was observed from Figure 7 that the crystallization temperature of cuspidine increases with an increase of mold flux basicity. The increased CaO can lower the degree of polymerization of silicate structure, which results in decrease on viscosity. [1] For this reason, mass transfer of ions can be improved, indicating that the crystallization ability increases with the increase of mold flux basicity. This finding is consistent with the results reported by Zhou et al. [10] The calculated undercooling for cuspidine formation in mold fluxes at the cooling rate is listed in Table IV . It should be noted from Table IV that the undercooling for cuspidine formation decreases with increasing mold flux basicity, which indicates that the crystallization ability of cuspidine increases with increasing basicity. Because the viscosity of mold flux decreases with increasing the basicity of lime-silica-based mold fluxes, [27] the mass transfer of mold flux components is improved with the decrease of mold flux viscosity. This is also confirmed by the fact that activation energy decreases with increasing the basicity of lime-silica-based mold fluxes. [10] The decrease of mold flux viscosity with increasing the basicity and the increased CaO/SiO 2 ratio lead to enhanced supersaturation (thermodynamic driving force) for cuspidine crystallization. The effect of basicity on overall crystallization rate of mold fluxes tested can be shown schematically in Figure 8 , where the enhancement of crystallization rate which is the function of nucleation and crystal growth rate would be contributed to the increase of crystallization ability.
It was confirmed from DSC results and XRD identification that two crystalline phases, CaOAESiO 2 and 3CaOAE2SiO 2 AECaF 2 , formed in mold fluxes with lower basicity (i.e., mold flux A and B), whereas no wollastonite crystals precipitated in mold fluxes with higher basicity (i.e., mold flux C and D) during continuous cooling. Comparing the crystallization temperatures of cuspidine and wollastonite in mold fluxes with a different basicity, it was observed that the crystallization of cuspidine suppressed the crystallization of wollastonite. After the formation of cuspidine in mold flux, the chemical composition of remaining glassy matrix was different from that before cuspidine formation. Consequently, there is a high possibility to form other secondary crystalline phase, instead of wollastonite in mold flux D, such as nepheline.
[22] Figure 9 shows the effect of 1.8 pct Li 2 O on mold flux crystallization temperature. It can be seen from Figure 9 that the crystallization temperature decreases with an addition of 1. provide free oxygen ions (O 2À ), and act as network breaker in mold flux to break the silicate network structures of mold flux. [28] In view of kinetics consideration, the addition of Li 2 O would enhance the crystallization of mold flux by decreasing the activation energy of crystallization. [16] On the contrary, in lime-silicabased mold flux, Li 2 O may lower the activity of SiO 2 due to its high affinity to SiO 2 , [29] which indicates that the addition of Li 2 O reduces the available content of silica as a main component of cuspidine formation and consequently retards cuspidine formation. The coupled effects of crystallization kinetics and thermodynamics will induce almost the same crystallization ability of mold fluxes B and B-1, which is believed to be the reason for the similar undercooling shown in Table IV . Figure 10 shows phase stability diagrams of crystalline phase formation in each studied mold flux. The crystalline phase evolution with temperature was calculated by Factsage 6.3. It was predicted from Figure 10 (a) that wollastonite precipitated at higher temperature and cuspidine precipitated at lower temperature in mold flux A. On the contrary, cuspidine formed first, followed by wollastonite during the Figures 11 and 12 , respectively. Figures 11(a) and (b) show the BSE images of mold flux A with the cooling rates of 10 and 20 K/min. It was confirmed that there were two kinds of crystalline phases, wollastonite and cuspidine, by combining EDS results with XRD patterns. The needle-like wollastonite crystals precipitate first, followed by cuspidine crystals. It was observed from Figure 3 (a) that there was only one exothermic peak on DSC curve for the cooling rate of 25 K/min. However, it was confirmed by FE-SEM/EDS that there were two crystalline phases in mold flux A after DSC measurement with the cooling rate of 25 K/min as shown in Figure 13 . This is due to the fact that the crystallization of wollastonite and cuspidine occurs simultaneously during continuous cooling at the cooling rate of 25 K/min.
Figures 11(c) and (d) show the BSE images of mold flux B after DSC measurements with the cooling rates of 10 and 20 K/min. It was confirmed by SEM-EDS, DSC, and XRD that two crystalline phases precipitated in the mold flux at the cooling rate of 10 K/min, and only one phase formed at 20 K/min. As shown in Figure 11 (c), the crystals with large size were identified as cuspidine by SEM and XRD, and cuspidine crystals were confirmed to be the phase precipitated first. By combining SEM results with XRD patterns, the needle-like crystals were confirmed to be wollastonite. The only formed phase in the mold flux at the cooling rate of 20 K/min was identified as cuspidine. The morphology of cuspidine is dendritic in mold fluxes A and B, which is composed of many fine cuspidine as shown in Figure 11 . This finding is consistent with other studies regarding the morphology of cuspidine in lime-silica-based mold flux. [9, 15] of cuspidine increases with increasing the mold flux basicity. This is due to the increase of crystallization temperature of cuspidine with increasing the basicity, which leads to the decrease of required time for cuspidine nucleation. For the mold flux with the lower basicity, the individual cuspidine is mainly dendritic shape. On the contrary, the morphology of cuspidine is mainly faceted in the mold flux with the higher basicity, as shown in Figures 12(c) and (d) . Kirkpatrick [30] and Lofgren [31] reported that the morphology of crystals is mainly faceted at lower undercooling, whereas the Kirkpatrick [30] and Lofgren. [31] It can be seen from Figures 11 and 12 that the number of crystals decreases with increasing the mold flux basicity. This finding was also confirmed by the in situ observation of mold fluxes crystallization as shown in Figure 14 , which presents the in situ observation of mold fluxes crystallization at the cooling rate of 50 K/min by SHTT. 
